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INTROilUCTION 
The f i r s t  report submitted (July 1969) under the t i t le of 
this grant dealt with the theoretical aspects of the "Geometri- 
c a l  Influences on Non-Radiative Frocesses i n  Organic Molecules" 
together w i t h  some experimental invest igat ion in to  this prob- 
l e m  i n  the case of v y l d i a e o n i m  salts. 
coverirrq the period from Ju ly  1969-July 1970 dea l t  almost 
en t i r e ly  w i t h  the "S tab i l i t i e s  of Nitrogen Containing 
Heterocyclic Radicals". 
The second report, 
Both the theoreticai and experimental 
aspects of this problem wzre  dea l t  witb 
The fallating report w i l l  dea l  w i t h  the cennination of  
the radical study and a return to  the problem of %eornetrical 
Influences on Non-radiative Processes ?n Organic Molecules". 
This report w i l l  be s p l i t  i n to  t b e  piah secttons. Section 
A, is en t i t l ed  "Radical Studies". Section B, e x i t l e d  "Studies 
i n  Radiative and Non-radiative Processes in Keterocyclic 
Molecules". 
chemical Frocesaes in Aryldiazonium Salts". 
Sectiim C ts e n t i t l e d  "Photophysical and Photo- 
Work in sections A and C was carrr*;d out w i t h  the a id  of 
Dr. Buddy Chug. 
aid of Dr. Paul H o r o w i t t  and Dr. Dan Lemer. 
Work ia sect ion C a u ~  carried out with the 
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A. RADICAL STUDIES 
1. Object of this  mrk The simple rad ica ls  generated from 
the removal of a hydrogen at- from a nitrogen atom in the 
molecules pyrrole (I) , imidazole (XI), indole, and carbazole 
have not been detected by clectnnr 8 p b  re8maace masure- 
ments. Hawever ,  
ii 
I 
I I1 I11 
the polyphenyl derivatioes of the rad ica ls  of pyrrole and 
imidazole have been detected by ESR measurements. ',* me 
prac t i ca l  interest in the rad ica l  from 11 r e su l t s  from the 
importance of imidazole in  biochemical processes. 3,4 Theot-et- 
i ca l ly ,  we have shown that the electronic s t ruc ture  of the 
imidazyl r ad ica l  is a r # w a l o u ~ . ~  
from I, the theo re twa l . ca l cu la t ions  c l e a r l y  show that the 
s t ruc ture  is that of a pi-radical ,  Le., the odd electron 
''spends" i t s  the!  i n  a pi-orbi ta l .  
accurate to state the irreduc5ble represc~~tcitbn of tt-e e&+ 
t rouic  wave function of the rad ica l  of pyrrole (pyrryl) l a  
antisymmetric to the spametry operation of re f lec t ion  through 
the plane of the molecule. I n  contrast ,  the imidazyl radi-  
cal is calculated t o  be syaPPPetric t o  this same operation 
and is c l a s s i f i e d  as a sigma radical. 
In the case of the rad ica l  
It is theoret ical ly  more 
Thiu i8  straqe becauae 
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the simple ra ical is p i  and corresponds to  pyrryl  
and not imidazyl, 
state of 9 
Le., both tit:! syeanetric a d  antispcnnetric excited states 
are very nearly degenerate. 
The antispPaaetric e lec t ronica l ly  excited 
5 is only within about 1 ev of the ground state, 
In addi t ion t o  these above considerations the radicels  
from compounds I and If are related to wbat can be termed as 
the n'mothernn compound 111, the cyclopentadienyl radical.  
Pyrryl and imidazyl are aza and diazacyclopentadienyl radi- 
cals respectively. 
radicals w u l d  be of interest considering that the correspond- 
ing electrode degeneracy in 111 wmld be lifted on aza- 
subst i tut ion.  
Again the electronic s t ruc tures  of these 
6 
Thus considerable effort was e ~ p e n d e d , ~  without success, 
in attempts to generate the rad ica ls  of a nrnber of related 
heterocyclics.  In the  previous years' reports3 ue detai led 
a number of these attempts. 
towards this goal w i t h  a f i n a l  discussion of the  problem. 
Here we will terminate the mrk 
2, A t t e m p t s  a t  Photolytic Generation 
a) Cyclopentadienyl Radical It was found, iu agree- 
ment w i t h  the l i t e r a t u r e  workS6%hat the photolysis of a frozen 
mixture of d i - t - b u t y l  peroxide .ana C y c i o p e n t i i G i s i i G  ~t - 1 2 E  
yielded (Figure 1) a 6 l i n e  ESR spectlur w i t h  the in tens i ty  
r a t i o s  of 1/4/9/9/4/1. 
rad ica l  is 1/5/10/10/5/1 and it is therefore concluded that 
the spectrum observed is that of cychpentrdienyl  radical.  
Theoretical  for cyclopentadienyl 
Ident ica l  attempts t o  generate radicals by the photolysis of 
frozen mixtures containing pyrrole, carbazole, imidazole, 
benzimidazole, and carbonyldimidazole yielded - no detectable  
radicals. 
of the photolyze1 mixture uas noted. 
I n  the par t icu lar  case of pyrrole discolorat ion 
b) 2.4.5-triphenyl imidazyl Radical 2,4,5- tr iphenyl 
imidazole is carpDlercLally available under the name of Lophine-X. 
This nuaterial was oxidized w i t h  potassium ferricyanide in 
ethanol-potassium hydroxide to yield the d h r  materhl (In. 7 
f# hv 
4 * 
H 8 f# 
0 0 0 
LV 
W e  were able to  obtain the radica l  of t h b  material ,  as de- 
scribed in the literature, by d i r e c t  photolysis of the dimer 
in solution. The ESR spectrum of this material is shown in 
Figure 2. 
ments are avai lable  on this r ad icaL8  The radictl is c l ea r ly  
a pi-radical  from both the ESR and ENDOR masureaents.  
The recent l i t e r a t u r e  showa that ENDOR measure- 
c) Thermolysis Methods It Is experimentally known 
that cyclopeatadienyl rad ica l  {III) can be trapped a t  -196 by 
thermally decomposing ferrocene (dicylopentadiegl €ran) in a 
gas stream.’ Unfortunately nei ther  the imidazole or pyrrole 
analogs of ferrocene are known (V a d  VI, respectively).  
However, the half-analog VI1 is reported in the l i t e r a tu re .  
We attempted the literature synthesis of this material (VIZ) 
and were nat  successful. 
IO 
Fe Fe Fe 
V V I  VI1 
I n  pr inciple ,  this approach still  looks promising s ince  
the analog VI1 is hown i n  the l i t e r a tu re .  
as to why the compouad8 V and VI are not known in  the litera- 
ture. 
known but apparently the reaction of these materials w i t h  
i ron  chloride, which i s  analogous t o  the  classic synthesis of 
ferrocene from i ron  chlor ide and cyclopentiednyl anion, is 
not known. The pKais for pyoton removai f r o m  btdh pyrmie 
and imidazole are lower than cyclopentadiene" and it m i g h t  
be guessed that it would be wre d i f f i c u l t  t o  form a stable 
product i n  which the anions of the two for 
a stabie product w i t h  iron. 
unstabld t h i s  i n  i t s e l f  m i g h t  provide a convenient route t o  
g e n e r a t b n  of he t e rocyc lk  radicals. 
It is a l so  curious 
The anions of both pyrrole  and imidazole are w e l l  
0 matsrials y ie ld  
S t i l l ,  even i f  the products w e r e  
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d) Conclusions of t h i s  work We have not been able 
t o  generate the simple heterocyclic radicals  pyrryl,  imidazyl, 
nor the corresponding radicals  from indole, benzimidazole, and 
carbazol. We decided a f t e r  about 13 months of work i n  t h i s  
area t o  cease attempts a t  such generation and go to work 
which would produce inmediate resu l t s .  S t i l l ,  the genera- 
t i on  of these types of  rad ica ls  are of theore t ica l  and prac- 
t i ca l  in te res t s ,  especial ly  i n  the cases where there is 
possible revalence t o  biological  problems. 
the simpler radicals ,  pyrql-imidazyl,  the polyphenyl deriv- 
a t ives  are known and e a s i l y  generated. Because of the dis-  
persa l  of spin density and steric factors ,  these radicals  
should be much less l ike ly  t o  couple i n  solution. On t he  
other  hand, Lili:  sinaiLsr b a s k  zadkals pyrryl and h i d a z g l  
wouid probably couple a t  bigh rates yielding the typica l  
detection problem analogous to simple hydrocarbon radicals. 
Under such r e s t r i c t ions  the radicals could only be detected 
ucder steady state conditions using flow systems o r  a t  low 
temperatures under state photolytic generations. In addi- 
t ion,  there is no assurance that in pyrrole,  for instance, 
the N-H bond is weaker t h m  the C-H bond. Oxidation, 
e l ec t ro ly t i ca l ly ,  of the anions or' rnese various species is, 
i n  pr inctple ,  possible.  
solutions.  
followed by flow chemical oxidation would appear to be a 
convenient route. Finally the above-mentioned preparation 
of the iron salts  is worth detai led invest44ation. Thus, i n  
s p i t e  of our own f a i lu re s ,  it indeed appears that  the area 
remains open for other- investigators . 
I n  the case of 
We did not succeed however i n  aqueous 
Direct preparation of the water free anion salts 
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SECTZOK B RADIATIVE AND NON-RADIATIVE PROCESSES IN 
HETEROCYCLIC MOLECULES 
1. The Theoretical  Problem One of the central prob- 
l e m s  i n  the area of "Geometrical Influences on Non-Radiative 
Processes i n  Organic Molecules" has t o  do w i t h  what is  cal led 
the "energy gap law". l2 Kasha's Rule states,13 essent ia l ly  
that  emission of l ight always occurs from the lowest excited 
s t a t e  of a par t icu lar  mult iplet .  Thus i n  normal organic 
molecules, which have even numbers of e lectrons and therefore 
have f i l l e d  shell ground states this means that fluorescence 
always occurs from the lowest excited singlet. Another type 
of emission, longer l ived, phosphc-?scence, always occurs from 
the lowest t r i p l e t  state. 
discovered by Kasha himself,14 namely i n  the case of the 
azulenes. 
Exceptions t o  Kasha's ru le  w e r e  
I n  azulene the energy gap between the lowest excited 
singlet, S1, and second excited singlet, S2, is about 14,000 
-1 15 cm , which is nearly the same value as the S1-So energy gap. 
In the case of azulene fluorescence is only readi ly  detected 
from the S2 t c  the So (ground) state. l6 It is now known 
that a very weak emission, detectable  by photon counting tech- 
niques, occurs from S1 t o  So and f r n  S2 t o  S1. l6 The 
theore t ica l  ra t iona l iza t ion  fo r  emisaion frcm the S2 state 
is  found in what is generally cal led the energy gap l a w  which 
essent ia l ly  states that radiat ionless  processes between 2 
electronic  states are dependent on the energy separation be- 
tween them,l7 That th i s  actual ly  occurs is obv~ous from the 
f ac t  t h a t  fluorescence occurs a t  a l l  s ince th i s  radiat ive 
process must compete with the radiat ionless  process between 
the same 2 states, as w e 1 1  as in to  the t r i p l e t  manifold. I n  
this  latter process, the energies of the excited s ing le t  state, 
S1, and some t r i p l e t  state Tn may i n  f zc t  be very close 
but the rate of the process is dominated by the degree of for- 
biddeness of the change i n  e lec t ron  mult ipl ic i ty .  
The strangest thing about the azulene anomalous emission 
is that  there are very few examples of which yield ident ica l  
behavior. l8 
s ion  come from materials having very close lying 
states, so close i n  fact that  there are very few v ibra t iona l  
states which allow f o r  coupling between the electronic  
states. 
by a small energy gap. 19920 
largegap materials are ?are i n  the l i t e r a t u r e .  
t h i s  is  largely due to the fact that most of the materials 
subject t o  d e t a i l  physical chemical invest igat ion are hydro- 
carbons, usually a l te rna tes .  Azulene type molecules have been 
investigated f o r  emission propert ies  . One set  of  authors 
f a i l ed ,  however, t o  present fluorescence exc i ta t ion  curves of 
the rcaterials they dea l t  w i t h  and thus the emission they ob- 
served is not necessar i ly  the eLission >f the s t ruc tures  they 
described. *’ This is a c l a s s i c a l  problem i n  emission spec- 
troscopy; anomalous emission i s  most l ike ly  a t t r i b u t a b l e  t o  
impurities -- .inless proven otherwise. 
carbons, large energy gaps are unlikely,22 th i s  resu1tiq;r 
from purely theo re t i ca l  reasons p a r t l y  explainable by invoking 
Recently, most of the examples of anomalous e m i s -  
S2-S1 
Under such conditions anomalous emission is promoted 
However, large gap o r  moderately 
The reason f o r  
I n  alternate hydro- 
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the pairing rule .  22s23 Thus any search f o r  candidates 
havhg  large energy gaps imnediately should ru le  out the al- 
ternate  hydrocarbons. 
large energy gaps, but w i t h  the exception of azulene have 
low thermal s t a b i l i t i e s .  Some, as already mentioned have 
been studied. 
be investigated l ie i n  the heterocyclics. This is  our 
Many non-alternate hydrocarbons have 
The only other  class of materials which m i g h t  
approach. 
The i n i t i a l  search f o r  candidates of materials having 
un;lsual phctophysical propert ies  was  dom by examining the 
l i t e r a t u r e .  I n  pa r t i cu la r ,  one class of molecules has ex- 
perimental spectra23 which indicate  a la rge  separation i n  
energy between the f i r s t  (S1) and second (S2\ excited s ing le t  
states. The f i r s t  class of materials are isomers of iisdola 
(VIIX). Indole, itself, has a f a i r l y  narrov S2-S1 gap, and 
is theore t ica l ly  re la ted  tc  nabhalene.  24 Previous work has 
1 
commented on the spec t r a l  re la t ionship of 1- and 2-pyrindene 
(IX and X) w i t h  azule-le. ‘ 5  These materials are isomers of 
indole but are a l s o  thermally unstable, ex is t ing  only when 
frozen in to  the shown tautomeric form when H = alkyl .  No 
QQ, H 
VI11 
H 
Ix 
H a 
X 
photophysical s tudies  are reported on der ivat ives  of I X  o r  
X, w i t h  the exception of the 1-aza-derivative of U. 26 A 
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th i rd  molecule, indolizine ( X I )  is f a i r l y  s t ab le  and has a 
S2-S1 energy gap of arcund 8000 CUI-', not qu i te  t ha t  of 
azulene (14,000 c m - l ) .  Thus s t u d i e s  w e r e  i n i t i a t e d  on in- 
do 1 i z  ine 
2. 
The 
and some aza-indolizines, 
X I  
Theoretical  Calculation of the Singlet  and Tr ip le t  
Manifold Energies of Indolizine and Some Related 
Aza-Derivatives 
l i t e r a t u r e  reportsz3 the s ing le t - s ing le t  absorption 
spectra  of a number of indolizines.  Qual i ta t ive reports  of 
the emission (fluorescence) of these materials abound i n  the 
synthetic l i t e r a t u r e .  27 No quant i ta t ive  emissim studi  -1s 
are reported. F i r s t ,  we report  here some pi-electron calcu- 
la t ions  of t h e  spec t r a l  features  of these materials. 
previous work has been presented i n  the l i t e r a t u r e  of the 
s ing le t  manifold. 28 
not ca l ibra ted  f o r  t he  pcrsitions of the 0-0 vibra t iona l  
t r ans i t i on  of each electronic  t r ans i t i on  but f o r  the center  
Some 
However, the reported calculat ions were 
of  c h c  Franck-Condon maxima. Sincc thc type of calculat ions 
we w i l l  present here are semi-empirical, there is always some 
doubt &s t o  the quantitative . :e l iabi l i ty  of such calculat ions 
i n  any case. The besr tha t  can be ant ic ipated is, perhaps, 
an accuzdcy of within 0.2 e lectron vo l t s  (ev) fo r  the f i r s t  
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and second t r i p l e t  s t a t e s .  
i s  standardized f o r  some representat ive s t ruc tu res .  
This i s  only - i f t t e  ca lcu la t ion  
Hethod of the  Calculations The "best" approach t o  pi-  
e lectron ca lcu la t ions  of e lec t ronic  spectra  is  the c l a s s i c  
one of  Pariser, Parr, and Pople. 28 This involves the ca l -  
cu la t ion  of the ground state  wavefunction using the se f f -  
cons is ten t  molecular o r b i t a l s  obtained from the Hartree-Fock 
operators.  After  obtaining a series of one e lec t ron  molecu- 
lar  o r b i t a l s  f o r  the  ground state a series of v i r t u a l  ex- 
c i t e d  states are generated from the same o r b i t a l s  and "mixed" 
using the e l ec t r cn  repulsion operator.  This method is w e l l  
discussed i n  a number of t ex t s  and no fu r the r  discussion will 
be made here. 
The nethod i s  semiempirical and requires  t h e  use of 
c e r t a i n  experimentally determined parameters. 
l a t i ons  presented here t h e  parameters used are l i s t e d  i n  
Tables 1 and 2. The c r i t i ca l  parameters i n  e l ec t ron ic  
t r a n s i t i o n  ca lcu la t ions  are the resonance in t eg ra l s  l i s t e d  
i n  Table 2 .  The other  parameters l i s t e d  i n  Table 1 have 
some influei.,e on these quan t i t i e s ,  espec ia l ly  the one 
cenrered electron-electron repuls ior  i n t eg ra l s .  In  addi t ion  
r l ! ~  mc-chcrl cf c?lcilfation of the two centered e lec t ron  repu l -  
s ion in t eg ra l s  has some influence on the s i n g l e t - t r i p l e t  
s p l i t t i n g ,  i .e. ,  the r e l a t i v e  energies of the t r i p l e t  and 
s ing le t  manifolds. 
I n  the calcu- 
The absolute value of  energies of the 
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e lec t ronic  t r ans i t i ons ,  however, i s  strongly inf iuenced by 
the resonmce parameters l i s t e d  In Table 2 .  The values 
l i s t e d  i n  Table 2 were selected from samp. J ca lcu la t ions  on 
indole (VIII) ,1-pyrindine ( I X )  , 1-aza-1-pyrindine ( X I I )  , 
p u r i n e  ( X I I I ) ,  and adenine (XIII). Since i t  is known tha t  
the Mataga method2' f o r  the ca lcu la t ion  of  the t r i p l e t  state 
energies gives too low values,  the normal 2ariser-Parr method 
was  used here f o r  the computation of the 2-centered electron-  
e lec t ron  repulsion in t eg ra l s .  
A comparison of  the computed posi t ions of th .  f i r s t  and 
second s ingle  t- s i u z l e  t t rans  i t  ions i n  compounds VIII, XI1 , 
X I I I ,  and XIV is shown i n  T i id l e  3. In  addi t ion is  showr, the  
valiie of the lowest t r i p l e t .  
(XT.1) and adenine (XIV) the  two observed t r ans i t i ons  l i e  i n  
the same energy region and separat? eva lmt ions  of t h e i r  
energies and i n t e n s i t i e s  have not been possible.  This has 
been o f t en  .ioted i n  the l i t e r a t u r e .  30 I n  the case of the 
t r i p l e t s  energies the calculated values seem cons is ten t ly  
too  low by severa l  tenths  of an e lec t ron  vo l t .  This i s  not 
unusual i n  p i -e lec t ron  ca lcu la t ions  of s i n g l e t  and t r i p l e t  
manifolds. 
E ~ p e r i m e n t a l l y , ~ ~  i n  both purine 
W e  have pointed out i n  the l icera ture28  the reason why a 
molecule l i k e  X I  has a much Iqwer t r a n s i t i o n  energy than the  
indole o r  polyazaindole s t ruc tu res ,  l i k e  adenine n? the  
purines. 
t i on  treatment of the s p e c t r a l  t r a n s i t i o n s  i n  the "mother" 
The reasons are complex and r e l a t ed  t o  a perturba- 
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:GTFauiId indenyl anion. Hawever, another arms t equivalent 
r a c k n a l i z a t i o n  can be given by saying that indole itse:f is 
bmzeaoid and w i l l  have benzene-lYie spec t ra l  cha rac t e r i s t i c s ,  
percurbat ionally re la ted t o  the t rans i t ions  i n  betltenz i t s e l f  
a t  250 m and 200 m, but red shif ted.  However the o ther  
cia'iecules l i k e  indolizine i t s e l f ,  or 1- and 2-pyrindine are 
quinoidal o r  polyenic In nbrture, having l i t t l e  benzenoid 
characteristics and being less aromatic. A mole.iule having 
low a m m t i c i t y  w i l l  have a l ow ground state s t a b i l i t y  giving 
rise to a lower s p l i t t i n g  betaeen the ground state and lowest 
excited state; i.e., a lower t r ans i t i on  energy ccapared w i t h  
resonance s tab i l ized  systems. A l l  these above arguments are 
qual i ta t ive  ra t iona l iza t ic  o of what computationally occurs. 
Using the parameters selected fo r  obtaining the spectra  
oi the r.olecules shown i n  Tab le  3 we  computed the s ingle t -  
t r i p l e t  manifold of indolizine ( X I )  and 1-aza-indolizinz (XV) ,  
show. i n  Table 4. The singlet manifold for indolizine is i n  
good agreement with the observed spec t r a l  features  i n  Figure 
3. 
determine the valie of the lowest t r i p l e t  state (T1). I n  
l-pzaindolizine (XV) the singlet manifold is a l s o  i n  good 
agreexenc with experiment. As w i l l  be s h a m  later, the lowest 
triplet state of XV is a t  2.85 ev (0-0 t rans i t ion)  which is 
neariy 0.6 ev higher than calculated,  i n  disagreement with 
the results obtained i n  Table 3 where the corresponding 
Unfortunately we have not y e t  been able  t o  experimentally 
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d i f f e rence  i s  nearer t o  0.2-0.5 ev. However, we  have no o ther  
t e s t  coapounds having non-aromatic s t ruc tures ,  like XV, t o  
see if the calculat ions are reliable. Thus i t  is conceivable 
tha t  the calculated t r i p l e t  rnanifolds f o r  compounds XI and 
SV shoul? be moved up by 0.6 ev. The consequence of t h i s  w i l l  
be discussed later. I n  any case the predicted S2-S1 energy 
ga? in X I  is about 0.7 ev compared w i t h  about 1 ev experimentally. 
The computed posi t ion of the S1 state lies between the T2 
and T3 state f o r  indoiizine.  If a l l  the T states are 
a w e d  up by 0.6 ev then the  
and T1 state. Without such an adjustment i n  indolizine,  
Sl is nowhere near, energet ical ly ,  to  a t r i p l e t  state (several 
tenths  of an ev). 
S1 state lies between the T2 
A number of re la ted  s t ruc t c re s  are coaputed and shown i n  
Table 5 .  Table 5 lists the  energies of the S1 and S2 
states. 
lying - below the S1 state. Several things are t o  be noted. 
F i r s t ,  a number of compounds having f a i r l y  large computed 
S2-Sl energy gaps. nese  are: Lx (1 ev),  X I X  (l), XX (l), 
XXII ( 0 . 8 ) ,  XXV (0.8), X (0.8), XXVI ( 0 . 8 ) ,  and XXVIII (1.3). 
None of these are very near azulene (1.8 ev) , l5 although the 
latter material comes the c loses t .  Most of these materials 
have not  y e t  been reported i n  the l i t e r a t u r e .  I n  addition, 
the experimental values f o r  compounds XXIV and XXV are 
approximately 0.5 ev higher than calculated,  leaving some 
doubt as t o  whether the parameters used are rea l ly  good 
In  ad<'-itian i t  l ists  - a l l  computed t r i p l e t  states 
- 15- 
fo r  all the materials calculated.  However, it is l i ke ly  
tha t  the  S2-S1 energy gaps are more accurate than the 
absolute energy values. 
As demonstrated in Table V tnere  is one feature  of the 
t r i p l e t  manifolds of the azaindoles (benzimidazole, as w e l l  
as the purines) t ha t  d i f f e ren t i a t e s  t h e m  from the non-aromatic 
lliaterials ( the indolizines and the pyrindines). This is the 
nuwber of p i - t r i p l e t  states computed t o  lie between the 
state and the lowest t r i p l e t  T1. Especially in indole there 
is a re l a t ive ly  high densi ty  of such states, 5 by computation. 
I n  purine and adenine (XI11 and XIV) there are 3. la the 
o ther  materials the numbers vary between 2 and 3 (see also 
Table IV). 
SI 
- 16- 
Table 1 
Coulomb Parameters 
C 
x 
N 
11.22 
(pyrrole type) 28.16 
(aromatic) 14.63 
3.25 
4.25  
3.90 
LO. 53 
15.92 
12.27 
~- ~ ~ - ~~~ ~ ~ 
= valence state ionization potent ia l ,  Z = S l a t e r  2 value, *P 
and (lllll) = one centered repulsion integral. 
Table 2 
Resonance Parameters 
Bond Type Resone-ice iategrals (ev) 
c-c 
C=C 
C=C 
C-IS 
C=N 
C=N 
(formal single) 
(formal dauble) 
(aromatic) 
(formal singie in ring) 
(formal double) 
(aromatic 
-2.07 
-2 20 
-2.15 
-1.84 
-2.55 
-2.20 
C-N12 (external  amino) -2.40 
- 17- 
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Table 4 
Calculated Singlet and T r i p l e t  Manifolds for Indolizine 
(Electron Volts, osci l la tor  strength) 
Exptl. Calculated 
S5 (5.58, 0.025) 
S 4  (5.38, 0.623) 
---S3(5.1) S3 (5.14, 0.019) 
0--sp (4.19) Sz (4.16, 0.056) T5 (4.47) 
- T4 (3.80) 
- T3 (3 0 69) 
---SI( 3.26) SI (3.46, 0.060) 
Tq (2.88) 
- TI (2.16) 
so -- 
Calculated Singlet and T r i p l e t  Manifolds for 1-Aza-Indolizine 
Exptl. Exptl. 
S5 (5.78, 0.283) 
- S4 (5.64, 0.273) 
- S3 (5.19, 0.282) 
- Sz (4.30, 0.010) - T5 (4.40) 
- T4 (3.98) 
-(3.7) - SI (3.82, 0.063) - T3 (3.59) 
- T2 (3.31) 
---T1(2.85) 
- TI (2.26) 
- so 
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Possible Photophysical Significance of These Calculations 
i3efore discussing the experimental studies of some of 
these above materials a few things can be stated. 
1. Those Eaterials having large S2-S1 energy gaps 
(1 ev) might exhibit upper state fluorescence. 
gap'' i n  azulene, about 1.7-1.8 ev, is  sufficiently large so 
The energy 
that th i s  material exhibits fluorescence with a quantum yield 
of about 3%. 31 It m i g h t  -be anticipated that materials w i t h  
smaller gaps in the 1 ev region would yield upper state 
emission w i t h  quantum yields reduced by several orders of 
magnitude (10 ) . -5 32 
2. The mismatching of the singlet and t r i p l e t  mani- 
folds might reduce the rate constant of intersystem crossing 
by one or two orders of magnitude ( to  105-10 6 region versus 
a "normal" 10 7 for  hydrocarbons). 33 
3. Unless geometrical distortions occur in the excited 
state, as proposed i n  b i p h e n ~ l e n e , ~ ~  direct  population of the 
ground state from SI w i l l  not be important i n  the materials 
having high values ofSl (possibly above 3 ev) but w i l l  be 
important in the other's low energy S1 molecules. 
4. In  those molecules having pyridine type nitrogens 
there w i l l  exis t  n-pi* states,. t r i p l e t  and singlet ,  which may 
strongly influence radiationless processes, especially inter- 
system crossing. These should only occur, i n  the 1st order 
approximation, if the SI state is a n-pi* singlet ,  as it 
does i n  the case of purine i n  hydrocarbon solvents. 36 
- 24- 
The first thing that  should be s t ressed with regard 
phys icd  process is tha t  those processes are extremely com- 
plex i n  molecules l i k e  indole, purine, and in 
the latter two materials most of the energy which goes i rxo 
the S1 state is diss ipated by unknown processes. 38 Radiative 
processes are of low quantum yield and over 70% of the ab- 
sorbed quanta are unaccounted for.  I n  indole itself a 
complete ac 2ounting of the rad ia t ive  and non-radiative 
processes has not been reported even in hydrocarbon solvents. 
The s i tua t ion  i n  w a t e r  is even more complex, with the possi- 
b i l i t y  of photoionization. 40 
3. Experimental Studies i n  Photophysical Processes i n  
Indol iz ine and Some Azaindolizine 
Photophysical s tudies  w e r e  i n i t i a t e d  i n  a series of 
6 molecules. These w e r e  indolizine (X I ) ,  1-azaindolizine (XV) , 
2-azaindolizine (MM) , 1,8-diazaindolizine (XXXI) , 2- 
phenylindolizine (XXXII) , and 2-phenyl- 1-azaindolizine 
( ~ r r r )  . 
Synthesis Compounds XV, XXXII, and XXXIII were ob- 
tained from Aldrich Chemical Company. 
affected by vpc d i s t i l l a t i o n .  
by recryLta l l iza t ion  from ethanol followed by sublimation. 
Purif icat ion of XV was 
XMr-11 and M[XIZI were purif ied 
-25- 
The syntheses of XI, XXX, -LUI were gffected ‘ y s t acda rd  
The physical constants were 41 l i terature  procedures. 
ident ica i  w i t h  those i n  the l i t e r a t u r e .  I n  addition, t he  
mass spectrum of each material yielded a parent peak of the 
proper molecul2- weight. Purif icat ion was  effected by multi- 
p l e  sublin.Ltion immediatzly p r io r  t o  use. 
Fluorescence Studies Fluor-escence s tudies  w e r e  car- 
r i ed  out using a Hitachi MPF-2A spectrofluorimeter. 
instrument can be used i n  the  phosphoresoence mode using a 
l i g h t  chopping device and appropriate low temperature dewar. 
Temperature dependence of  fluorescence can be foilowed using 
T h i s  
a Varian Variable Temperature probe mounted in  the unit .  
Fluorescence lifetimes w e r e  determined using a TRW f l a s h  
system together w i t h  lifetime standards of quinine b i s u l f a t e  
crysene and biphenyl. 
was  determined using quinine bisulfate,43 tryptophan,44 and 
PP042 as standards, depending on the wavelength of absorp- 
t i on  and emission. 
respect t o  one another and a separate determination of the 
quantun: yield (Qf) of fhorespence of anthracene (297K, 
n-hexane) yielded a value of 0.31, i n  excellent agreement 
with the l i t e r a t u r e  value4’ of 0.32, 
/ ”  
The quantum yie ld  of fluor2scence 
These materials checked adequately w i t h  
All the materials studied yielded exc i ta t ion  spectra 
i n  agreement w i t h  their ra ther  conplex absorption spectra  
and the sane emission spectra  were obtained regardless of 
-26- 
zxcitatioa wavelengtn above 250 nm. In addit-ha, indolizine 
(SI) is a sufficiently va la t i le  solid to  perc,lt the gas 
pkase absorption spectrum to  be taken at 297K (10 cm ce l l ) .  
The eaission spectra were also recorded zt 77K in  methyl- 
cyc'iohexsne (XH)-is~2entane (I?) as w e l l  as EPA glasses. 
Phosphorescence (77K) was looked 3. r: under conditions or' 
strong illumination with and without a phosphoroscope. 
ezission was detected, instrumentally o r  visually, for  cole- 
p o d  XI, XXX, -, and XXXI12 i n  the 600-600 clop regiar- 
other t u  fluorescence. 
% _  
So 
-
In  Table 6 are showxi the room teqerature values of the 
quaiiaun yicid.. of fluorescence in various solvents under con- 
dit icns which the solutions were  a i r  saturatsd 
w i t h  nltrosea (s 1. Shown also are the respective measured 
2 \ 
f luorescene lifetimes in  nanoseconds. 
(% ), flushed 
2 
The major thing that should be noted about Table 6 is 
the relatively hifgh values for  the unquenched fluorescence 
quantum yields, w i t h  a l l  materials having reasonably large 
values. In  particular, the non-pheuylated materials a l l  
have yields i n  the 0.7-1.0 region. 
this large are in facr not unusual, a l l  of the materials 
reported in t h e  l i t e ra ture  have yields ?roaching unity 
Although quantum yieXs 
have extremely short natural lifetimes, in thc -? DE 
that the materials reported in Table 6 ha- 
In fact ,  an examination of c. : * shows 42 10 nsec. 
. . u e  
-I 
cnrcbination Gf  havhg the ?-33est  values of Qf and longest 
measured Tf yet  rcported. Since phosphorescence was only 
detect& in the cases of corcpounds XV and x ) I x Z Z I  (in the case 
was esciccated as less than 0.01, the emission of xxv the 
0-0 transit ion occurrtx? at 435 xxn w i t h  a life=-- of about 
5 sec, tne corresponding values fcr -11 were 459 afp and 
2 sec), it would appear that there is something very unusual 
zbout the radiationless processes in these materials. 
also tested for photochemical decomposition ia the cases of 
-XXI and XXV and found that the quantum yield of photodisap- 
perance in air  saturated a-hexane was less than 0.005. 
% 
We 
Analysis of the Photophysical Processes 
The possible first order rates of a singlet =cited 
state are i) emission, ii) intersystem crossing, iii) 
internal conversion to  the ground state, and iv) photochemi- 
cal reaction. 
w i t h  high yield, approaching unity, and conversely the others 
must occur With low yield; rhat process iv) does not occur 
W e  have shown that in these materials, i) occurs 
in low yields as has been established; t?mt phosphorescence 
does not occur is indicative that process ii) occurs with 
vir tual ly  no detectable yield, 
since the triplet states of same -of these materials m&ht  
decompose at rates fas te r  than emission rates. This is not 
true in  the case 3f XXV and XXXIII which have normal phos- 
phorescence lifetimes of 5 d . 2  seconds, respe=t~vely,  
In  the case of XXV, the yield €s low. 
This is not proof, however, 
The integrated lifetime (natural) for substance: XI was 
calculated from its oscillator strength and found t o  be in 
-28- 
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the order of 40 nsec, almost exactly what is observed, confirm- 
* the measured high qua~tum yield 
rate constznt fcr photochemical d%ompcsi: 'ion is negligible the 
quentum yiel6 for fluorescence can be written as 
(Q = T /T ). Since the f r ;  
Qf= k 0 + k i s c + k i c  
f 
where k: = l/Tn , 
for  intersystem crossing (to t h c  t r i p l e t  manifold) and- 
and kisc and kic are the rate constancs 
internal conversion ( to - the  exdted oibratioual state of the ground 
electron state), Thus, using kz = 1/40 nsec = 2.5 x 10 7 sec" 
and a value of 0.8 Cor Qf b t  is computed that kist and 
6 kic could be in the neighborhood of S x 10 sec". This 
muld  be an upper value far the X I  and might even be possibly 
F h  less for MM in which the quantum yield approaches &ity. 
The %0naa1'~ range for  such a value of intersystem crossing 
is 5x1 the 10 sec and higher, w€th anomalcus values running 7 
33 ~ h u s  these matetiab are in fact 5 6  in the 10 -10 region. 
atlomaious . 
The fact that the Qf are h€gh at room temperature 
establishes that the materials don't have a temperature 
dependence to the Qf. 
of molecules (pyrene,46 aaptblene,47 ovalene, 68auia  
number of anthracenes) , '' 
for bisc is temperature dependent resulting in a low degree 
The contrary is true for a number 
In these cases the rate constant 
-31- 
of intersystem crossing a t  77K b u t  much higher at 300K. 
the case of pyrene kist 
be in the 10 
In  
at low temperature is estimated to  
5 46 region, or  possibly less. 
The COPSIIDP sighted reason for the teaperature dependence 
of iisc is t o  claim 
t r i p l e t  state s l igh t ly  higher in energy than SI and, thus, 
a thermally activated process is needed to occupy the ener- 
get ical ly  neareslt triplet,% - AI-* theoretical calcuh- 
tionssl tend t o  support such & hypothesis the rationaliza- 
t ion seems a b i t  too convenient considering the large variety 
of mterials which have been shown to exhibit this property. 
Even SO, in OW materids the thmretical calctdations 30 show 
a bad mismatching of the position of the t r i p l e t  and singlet 
states, Thts is to  be cont&sted w i t h  polyaceares and (per- 
haps) derbatives thereof, in which the lLb state is 
theoretically degenerate'uith the correspaadhg (no 
s inglet- t r iplet  sp l i t t i ng  occurring) o r  the lowest excited 
state of the polyacence is ka but there i s  a nearly h o -  
energetic degeneracy with the \ state. 5*  he former 
si tuation applies in the case of pyre-, the latter in the 
case of anthracene, 
there exists a nearly adjacent 
53 
On the other had, it may not be the position of the 
adjacent triplet state which effects the rate of the S1 .) Tn 
process. 
to a particular t r i p l e t  process actually occurs. 
mental evidence supports it in the l i terature .  
that the true propess is the 
would be e=%y gap dependent. 
In fact we are not entirely sure that a singlet 
No experi- 
It could be 
SI + T1 process, which then 
In fact no deuterium effect 
-32- 
is noted for t h i s  process which is known’‘ t o  retard the 
T1 + So pfocess. 
Conditions under which iiterspstem crossing would be effecteG 
by deuterium effect.” Normally, the S1-T1 gaps are small 
In  this case the eaergy gaps are large. 
U,32 - and small gaps are not thought t o  be deuterium dependent, 
-mat might actually be the case is that the coupling of the 
S1 
the Franck-Condon overlap.factors is a function of - a l l  the 
t r i p l e t  states which lie, energetically, between S1 and 
T1 as w e l l  as the position of TI itself. 
state with the t r i p l e t  manifold which is dependent on 
In fact, too l i t t le experimental information is knows 
t o  give weight t o  any of these factors. 
Solvent Effects on the Absorption a d  Emission Spectra 
of These Materials 
Indole, the isomer of indolizine, shows some unusual 
as yet incompletely analyzed solvent-spectral effects. 57 
Although it is claimed that the absorption spectra of indole 
is essentially unckanged in various medL this in fact is 
not so.58 E(Oneg8 reports the spectra of indole in hydro- 
carbon solvent as a functhn of the addition of small amounts 
of alcohol. The chauges are- gradual in that system and 
appears to be an isopiestic poist indicating a d i s t i n c t  com- 
plex between indole and alcohol in the &round state. It 
has long been known that the emis,ion of indole in water 
and hydrocarbon-alcohol mixtures is relatively 8 tructureless. 
Analysis of t h i s  data indicates the formation of dis t inc t  . 
7
59 
-33- 
59 indole-alcohol complexes in the excited state (exciplexes) . 
In pure water or pure alcohol the situation may be more C G ~ -  
plicated in that now the exciplexes themselves can be sol- 
vated. 
is structureless. However the electronic structure of indole 
In any case the emission in pure hydrobonding solvents 
is complicated by what appears to  be two close ly ing  excited 
s t a t e s ,  S2 and S1. 6Q It is theorized61 that solvation 
causes an inversion in these excited states so that even i f  
SI is the original exited state the molecule relaxes, 
a f t e r  complex formation (or solvation) t o  the S2-solvated 
state, from which emission occurs. The evidence for this 
lies in the uwtsuai fluorescence polarization data 
alcoholic solvents (frozen EPA) which behaves contrary to  that 
usually observed. In the usual case exposing the sample to  
polarized 
61 
light in the spectral  region at the red edge of 
the lowest singlet-singlet absorption (into the S1 state) 
yields a strongly positive polarization (in frozen media) 
near the theoretical limit of 0.5, usually in the 0.3-0.5 
region. Indole, however, shows a dip in this region in EPA 
indicating that the actual emitting species (complexed indole) 
is throwing off light in a different direction, or that the 
S2 state is emi t t ing .  In addition, some evidence indicates 
dual  emission, that is, two types of emission are coming from 
frozen indole solutions. One hypothesis is that indole caa 
e m i t  either from the S2 or SI state, this be- true dual 
emission generated.by a slaw rate of the S2 t o  SI internal 
.?onversion, which is possible i n  systems having either ex- 
t rmely large or very small S2-S1 energy gaps, = that 
in frozen solutions indole can exist  i n  - at least  two different 
environments and thus emission can be seen from either. 
indolizine proviZes a convenient test model for examin- 
ing what might have gone on in  such systems. 
isooceric with indole, but a very large gap of about 8000 cm" 
exists between S2 and S1 , much too large to  be perturbed 
into near degeneracy by solvent effects. 
F i r s t  it is 
Thus exciplex 
effects  w i l l  be free from this conflicting complicztion which 
exists  in  the indole case, 
be studied, 
In addition the polarization can 
An example of the exciplex emission I-f  indolizine 
s h o ~  in Figure 4 for  the solvent plycerul as 3 function of 
temperature. 
virtually structureless bu: w i t h  decreasing temperature the 
is 
A t  high temperature the emission of XI is 
structure shows up, as w e l l  as tho, quantum yield of emission 
increases. A p&& of log(Qil) vs. 1/T yields a st raight  line 
with an activation parameter of 3.6 kcals (Figure 5 ) .  
corresponding act ivated process in water for  indole is about 
3 times higher. 62 
attributed to  photoejection of an electron. 
indolizine, the fluorescence quantum yields in water and 
glycerol are much lower than in  methanol or hydrocarbon 
solvents. The reason for t h i s  is not - clear. Even in indole, 
however, the fate of the excited singlet in water is not 
The 
In th i s  latter case the process has been 
Indeed, with 
-3s- 
c o q l e t e l y  c lear .  43 
centage of the excited s ing le t s  of indole undergo intersystem 
crossing, i n t e rna l  conversion, o r  photochemical react ion 
(including photoejection). Obviously, even the w e l l  studied 
case of indole (or its near r e l a t i v e  tryptophan) has not 
worked out. I n  indole v i r t u a l l y  no temperature dependence 
of fluorescence is  observed in  methanol, while i n  water the 
e f f e c t  is strong. 
glycerol. 
unclear . 
It has not been established what per- 
Indolizine has a low ac t iva t ion  energy in 
The reasons f o r  t h i s  ac t iva t ion  energy are st i l l  
N e x t ,  unlike indole, indol iz ine shows no anomalous 
fluorescence polar iza t ion  (Figure 6 ) ,  in  EPA o r  hydrocarbon 
glasses. 
the S2+S0 excitation occurring in the 300-270 nm region, and 
the Sl+So exc i ta t ion  occurring in  the 385-300 region. 
polar izat ion in the 380 region (0.6-0.5) approaches the 
theore t ica l  l i m i t  of 0.5. The difference between the value of 
about 0.3 f o r  the S2cSo absorption and 0.45 for  the Sl+So 
absorption is a d i r e c t  measure of the d i f f e r m c e  i n  the t rans i -  
t i on  momtnts f o r  these two t rans i t ions .  
is t ha t  indolizine shows no anomalous polar izat ion i n  the 
380 region, indicating tha t  indole is r ea l ly  a separate case, 
and tends t o  support the previous in te rpre ta t ion  that indole 
is undergoing some s o r t  of "duel" emisslon. 
The Figure 3 shown covers 2 e lec t ronic  t rans i t ions ,  
The 
The important thing 
Excited State pKa Effects  
~ ~ 
However, it must be s t ressed that the s i t u a t i o n  for  
the excited states of the  indolizines and azaindolizines are 
-36- 
much d i f f e ren t  than w i t h  indole. F i r s t ,  i t  is noted that 
the absorption spectra of these materials in  hydrogen bonding 
solvents is completely s t ruc ture less ,  indicating a solvated 
state. T h i s  is also the case fo r  the emission a t  room t e m -  
perature,  but as shown i n  Figure 4, indolizine exhib i t s  some 
resolut ion of s t ruc tu re  with decreasing temperature. 
1-azaindolizine is a l so  a case i n  point. 
shown the absorption spectra sf this material in n-hexane 
p lus  progressive small additions of n-butanol (102% region). 
A progressive decrease in  the 0-0 band is observed, indicating 
complexation of the heterocyclic by the  alcohol, presumably 
The 
I n  Figure 7 is 
in  the form of a hydrogen bond of this type. However (not 
H-OR 
shown herc) the shape and in t ens i t i e s  of the e n t i r e  emission 
spectrum does not change at a l l  in this concentration region, 
indicating tha t  t he  same species is emitting in alcoholic-n- 
hexane as in n-hexane. 
indicates that the heterocyclic i s  decomplexing in  the excited 
state i n  a time much faster than the fluorescence l i fe the.  
--
The in te rpre ta t ion  of these r e s u l t s  
This is t o  be contrasted t o  the ease of indole i n  which the 
excited indGZe undergoes complexation. The question is why? 
The ac tua l  s tnxture  of  the hydrogen bonded complex of 
indole in  e i t h e r  the ground state ( i t  exists) o r  excited is 
open t o  question. Presumably it is some sort of pi-bonded 
-37- 
co;i?Tles. In  aza- indol iz inu  it is more lTKely that the con- 
plex is d i r e c t l y  connected t o  the  n-bonding electrons of the 
pyridine-type nitrogen atom. Thus, it seems l i k e l y  tha t  
the degree of hydrogen bonding i n  either the ground o r  ex- 
c i ted  state of the  azaindolizines is d i r e c t l y  re la ted to  
the ground and excited state pKa's of these materials. 
Therefore we attempted t o  measure these. 
There aie two d i f f e ren t  methods by which the difference 
between the graund and excited state pKa's can be estimated. 
F i r s t ,  an  estimate can be =de by meawring the absorption 
spectra  of t he  bases and conjugate acids  and together with the  
experimental ground state pKa's the excited state pKa's can 
be computed, O r ,  the absorption and fluorescence spectra  of 
a par t i cu la r  molecule can be measured as a function of pH. 
A complete estimate using this latter method requires com- 
p l e t e  relaxation of the molecule within the lifetime of the 
excited state; a conditlon which we w i l l  show does not hold 
63 
--- 
for indol iz  ine , 
* 
An estimate of the excited stata pKa (pK,) can be 
obtained i f  one knows the  ground state pKa (pKG) alid the 
absorption spectra  of t h e  base (.B) and its conjugate acid 
(BH') However, molecules may *undergo considerable excited 
state relaxat ion and knowledge of the emission spectra may 
* +  B* + H+ f BH 
G 
-38- 
be required. I n  the above energy cycle knowledge of any 
three o f  t he  quant i t ies  
fourth 
G, c ,  hvl, and hvp w i l l  give the 
where 
Assuming tha t  the entropy of ionizations i n  the ground and 
excited state are equivalent the  differencs between the ground 
and excited state pKa s is given by the above expression. 
More qual i ta t ive ly  it can m e r e l y  be s t a t ed  tnat  i f  the energy 
+ cf excrtzt ion of the BH 
the specie w i l l  be more ac id i c  i n  the excited state than the 
ground state. 
I 
specie i s  grea te r  than the base B 
- 
As shown i n  Table 7 t h i s  is t rue  f o r  the protonated ' 
foms  of bases ,=I, XXV, XXX, and X I .  
survey of the l i t e ra ture64  shows that a l l  protonated azaindol- 
iz ines  have spectra which are considerably blue sh i f ted  w i t h  
respect t o  the free bases. 
pK, u n i t s .  
4-6 region i t  means t h a t  i n  the excited states these materials 
have pKa's i n  the 0 region, o r  lower, and thus f a i r l y  strong 
acids.  This i s  strongly contrasted from iden t i ca l  cases i n  
molecules l i k e  acridine65 i n  which the bas ic i ty  increases i n  
the s ing le t  excited state. 
In  fact a general 
The s h i f t s  vary but run from 4-10 
Since the pK 's of most azaindolizines run i n  the 
a 
39 - 
I A c x a l  zsasurcxent of the excited s t a t e  pYz s of these 
r x k c u l e s  produces the results s h a m  i n  Table 7. Only in the 
ccse of SS w a s  a clearcut  excited s t a t e  pK, obtained t y  
- ...~ds~rizg b  chc cnission as a function of pH, the measured value 
of i.2.7 asrcelng qui te  w5I. l  with that c a l w i a t e d  frozl t h e  spec- 
tra, Ln tnis case both the  B and BX form fluoresce. In  
both 
fluorescence. Zn tSe case of compound XXI, an analysis of  
tne gH-f iuorescence indicated tha t  the gradual increase LL 
i- 
and LLYI, ne i the r  of the SH+ forms gave s igni f icant  
enissior. in the gH C t o  4 region wab due t o  increasing mount 
of ground state L!I  in solut ion and thus an excited state 
pKa could not be obtained. 
catad t h a t  indeed the excited state BH w a s  responsible For 
errisslon m solut ion o f  the  B form but that the BH for, 
it;elf was v i r t u a l l y  non-fluorescence, 
+ sis of t h i s  data  somewhat questionable s ince although BH 
excited state doesn't l i v e  long enough t o  e m i t ,  i t  can be 
deprotcnated quickly enoiigh t o  e m i t  i n  the  form B excited. 
This would require an extremely rapid rate of deprotonation, 
possibly i n  the 10l1 sec region s ince the l i fe t ime of XXX i s  
8 i n  the 10 region. 
With lXX the same an2i-y is indi-  
+ 
4- 
T k i s  makes .the analy- 
Final ly ,  a most unusual result  was  obtained i n  indolizine.  
Although both the acid and base forms fluoresce,  prompt 
fluorescence of  B resu l t ing  from deprotonation of *BE+ did 
not cccur i n  the yH 0-3 region - even though i t  is calculated 
tha t  the pKi  = - 6.4, an extremely s t rong u_- acid which would be 
* 
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+ 
r q e c t c d  to  deprotonate at  diffusion control rates - i f  BH 
wzre an oxygen or nitrogen acid, 
s t a t e  acid form being 
But  it is not, the gr0;lnd 
This is wtzac is referred to  as a tarboa acid and the litera- 
ture shows that the rates of the deprotonation of carboa acids 
can be supressed up t o  a factor of lo6 below dif fus icn  COP- 
trolled rates, 66 
ia the IG" to  
are in  the lolo region, the rate of deprotonation of this 
species could be in the 10 region which is at least 1000 
longer than the fluorescence lifetime. 
ble that the excited state of BE+ for indolizine just 
doesn't l ive  long emu@ to  deprotonate. This is consistent 
- 
Since the lifetiue of this species is probably 
sec region, and diffusion controlled rates 
5 
Thus it is conceiva- 
wiCh w h a t  b cbserved. 
Returning t-' the problem of X X P  tbe reason a y  it emits 
in the non-hydrogen-bonded form although absorption in that 
form (in a-hexane-butanti1 mixtures) i s  apparently related to 
the gross non-basicity of the nitrogen ma-mad4 electrons 
in the excited state. Thus in'the equation as follows, 
H-0-R 
There is d blue shift on forustion of the hydrogen bonded 
material (hvl ) hv2). 
the observed rapid drop in the apparent 0-0 band XXV (shown 
in F i p r e  7.) Thus if hvl ) hv2* then Kc ) K * thus the 
material tends t o  break hydrogen bonds in the excited state. 
These studies, having been j u s t  init iated,  
This is what apparently occurs w i t h  
* 
Conclusion: 
generate more questionsthan they answer. 
question deals with w h a t  j.s the rate of intersyste!m crossing 
in the indolizines? Is this the major reason why % values 
are so high? If so, why? A r e  the singlet and t r i p l e t  DanI- 
folds really energetically misnatched? 
The first major 
s m m  c PBmomsIcAL AND m-cAL PROCESSES IN 
Tt.leoretica1 Considerations out previous ~ ~ o r k ~ '  on the 
photophysical and photochemical processes bave established 
the following reaction scheme for the arenediazoniuin salts. 
~ 
I. Excitation 
a, + hv 4 1;  + ArNz 
IS, Exc€ted Singlet  Processes 
-43- 
IIX. Triplet  Processes 
b, 
IV- Processes of Intermediates 
a, 
c, sn+Mv;+heat 
A mmber of p-aminubenzenediazmium derivatives had been 
investigated6? and it was found that the quantum yields of 
photodecomposition were i) in the 0.2-0.6 region; ii) no 
fluorescence or phosphorescence was observed; and iii) the 
reaction is mquenched by added halide ions, Finally, the 
'reaction was found to  have a quantum yield-wavelength de- 
pendence in the major absorption band, which for p- 
~ i n o b e n z e n e d i a z ~ n h  derivatives lies in the 380 nm region. 
The lack of emission, even at low temperature, estab- 
lishes that the yield for processes -1Ia and IIIc are essen- 
t i a l l y  zero. In addition, the lack of effect of halide ian 
on the quantum yield also tends'to indicate that any excited 
state or any intermediate which w i l l  return to  the ground 
state of the arenediazonium cation has an extremely short 
lifetime. 
p-anin0 derivatives indicates that the natural lifetime of 
the singlet excited states are in the order of 1 nsec, i.e., 
The intensity of the major absorption baad of these 
k! = 1/T: = 10 9 set". W e  muld easily be able t o  detect 
A 
a fluorescent quantum yield of 1%. Thus a t  the extreme 
linit: 
where k' 
f i r s t  order reactions, ihternal conversion (IIb), intersystem 
crossing (IIc), and photochemical reaction generating an 
intermediate. 
in the 10 
operating it seems unlikely thaz intersystem crossing is 
competitive in this reaction, Le. ,  no t r i p l e t  reactions. 
We tend to th-hlc that the k' is a combination of internal 
conversion and photochemical reaction rates constants. 
if this is so, these processes must be occurring in the 10 
is the sum of the rate processes for a l l  other 
Normal hydrocarbon intersystems crossing occur 
7 sec" region6' a d  unless spin-orbit fact& are 
Thus, 
-11 
sec region or faster.  his is app-ing a short' of p i -  
dissociation process which aormally only occurs in the gas 
phase. 
dependent . 
This may be why the quantum yield i s  wavelength 
From t h i s  vi& the trenediazonium catfon is excited, 
gliramediatelyg' leaves the s k l e t  atcited state into some sort 
of t i m e  dependent configuration, part of which returns t o  the 
ground state of the arenediazonium caf-bn within 10 
arid part  of which ends up as some intermediate. 
mediets a l l  ends up as photoproduct(s) * 
-11 
sec, 
The inter- 
Two main questions arise: i) can this  hypothesis be 
furcher tested, and ii) what is the nature of the intermediates? 
'Possibie Nature of the Intermediates Thermal chemistry 
of the aqueous solvolysis of arenedhzonium have long pro- 
posed the  existence of a d is t inc t  aryl cation as a reactive 
iatemed%ate.. To this date, hcwever, the existence of such 
an intermediate has not been established. Conceptually, 
the following equation does indeed give an aryl cation, 
analogous to the well-known existence of alkyl  cations, 
0 
R 
-B 
+ 
Q.+ \ N* 
R 
OH 9 +H+ 
A detailed discussion of the theoretical  nature of this 
pcssiluie a r y l  cation is included in the appendix, 
ical  results are par t ia l ly  ambiguous since they can not be 
applied t o  a solvated situation, Nevertheless, the results 
do suggest the possibi l i ty  that the a r y l  cation can exis t  
as either a f i l l ed  shell singlet, drawn as thd localized 
structure shown below, or as a sort of biradical, 
calculations show that either could exist. 
consequences of the existence of these b i r a d k a l  cations 
The theoret- 
The 
The photochemical 
-4% 
Fi l l ed  Shel l  
Singlet  
(one resonance fom) 
s ingle t o r  t 1: i p l e  t 
b i rad  ical 
are evident by examinins the o rb i t a l .  
photofragzientation of the arenediazonium salt in to  the aryl 
ca t ion  plus ground state diatomic nitrogen. 
Symmetry ru les  f o r  
Orbi ta l  S p e t r y  Ar,alysis of the Fragmeatation o f  
Arsnediaaoniuo: Cation t o  Aryl Cation plus Xitrogen: 
Benzenediazonium ca t ion  is a planar molecule belonging 
to  the C, 
above. 
it can b t  s t a t ed  that the o r b i t a l s  involved i n  the pi-system 
are, individually,  antisymmetrical t o  r e f l ec t ion  i n  the plane 
of symet ry  of the molecule, w h i l e  the  sigma o r b i t a l s  are 
s p e t r i c .  
ca t ion  is an even e lec t ron  and f i l l e d  shell system (every 
sigma and p i  bonding o r b i t a l  doubly occupied), the e lec t ronic  
state is t o t a l l y  symmetric. - 
are made up of e i t h e r  p i -p i  o r  sigma-sigma excited states. 
A l l  Of these states 81% symmetric t o  re f lec t ion .  
t r ans i t i ons  from sigma to  pi* o r  p i  t o  sigma 
point group, as is the  aryl ca t ion  as shown 
,V 
SimpliEying the symmetry propert ies  even fur ther ,  
Since the ground state of the benzenediazonium 
The e lec t ronica l ly  excited states 
* lk 
However, 
* 
o r b i t a l s  w i l l  
y h l a  states vhic’n a re  sn t i syzcecr ic  to re f lec t ion  and 
:herefore belong t o  a d i f f e ren t  i r reducible  representation 
oE Lie CZv The sarze 
is true for the a r y l  cation. AssuGing now thar the diatomic 
nitrogen colecule departs i n  i t s  ground state from the 
arecsciiazoniua cz t ion  i3 a plznar fashion, rczintaining a 
planar syr”--;etry f o r  the entiro, system, the following con- 
clusions can be drawn (see Zigure 8 ) .  
point group than the syxzetric states. 
i )  
i i) 
iii) 
Tine ground state of A r X z  evolves, ad iaba t ica l ly ,  
i n to  the ground state of the f i l l e d  s h e l l  sigma 
cz t ion  Ar+. 
The pi-excited states ( s ing le t  and t r i p l e t )  evolve, 
ad iaba t ica l ly ,  intc the pi-excited states of the 
Arl- ion (singlet and t r i p l e t ,  respectively).  
The singlet and t r i p l e t  b i r ad ica l  forms of the Ar+ 
ion are adiaba t ica l ly  conilected with pi-sigma and 
signa-pi states of the A r N i .  
* 
* A 
- 
There is  no doubt6’ t h a t  the observed lowest energy 
electronic  t r ans i t i ons  i n  the arenediazonium cat ions are 
o ther  thzn s t r ic t  pi-pi  t rans i t ions .  Transit ions of the 
sigma-pi and pi-sigma type are predicted t o  be of low 
in t ecs i ty  and much higher energy than p i -p i  type. Thus, 
i f  the ground state of the a r y l  ca t ion  is r ea l ly  b i rad ica l ,  
i t s  po ten t i a l  surface must be deeply plunging. In  reverse, 
the po ten t i a l  surface of the process i) must cross the process 
o r  i i )  surface. This i s  demonstrated diagramatically i n  
Figure 8. 
* 
* * 
* 
arer.edkzaniu= cat ions imst have soxe b i rad ica l  charzcter ,  
ic a;reezent with the analysis  of Taft. 7' 
crossing as such does not ex i s r  in  polyatomic casts (vibra- 
t i ona l  breakdom of syumetry reser ic t ions) ,  i t  can a l s o  be 
stated that the singlet e x c i t e i  state, 
ar2neciazoniuin ca t ion  is very unstable, s ince it  is connscted 
t o  the deeply plunging S: sc2te  (Figure 8). 
of a predissociation takes place. 
t ha t  there  is no rerurn t o  the arerrediazonium ground state, 
from the  reactive in t emed ia t e s  ( in  this case, S o ) ,  but 
there is a branching between this state and the ground s t a t e ,  
of Ar$ in the region where the 2 po ten t i a l  energy surfaces 
S i x e  curve 
S1 , of the 
Thus, a s o r t  
This pic ture  also predicts  
I 
crosstt ,  this being a "state" Si. The closeness of the I t  
Si aad So-Si surface would y ie ld  the predict ion tha t  this 
re turn  t o  the  ground state would occur in the region of 
10-l' seconds. 
experiments t h a t  would reject o r  support this hypothesis. 
In addi t icn  there are a number of possible 
These are: 
Experimental Predictions as a Consequence of t h i s  
Potencia1 Energy Surface 
a) Unless So 4 T i  react ion occurs (or SI 3 Ti) the 
photoproducts should be the same as the thermal products. 
e.- >> 
T;;ICZ 2x2 bz scns i t i zed  5y slr.s,Lc: ( o r  cr$ lL :z ;  Z a t c r l a l s  
\.:*- ..LA i c;, -&;zve energies between :he So-S, (or Sc-Ti) $29, 
~ L I :  ~ b o \ - z  C’ne tbena l  ac t iva t ion  exergy (bcme2.n 3G-40 
kczl /za ie  far aqueous solvolysis) 
c izzd 2rocess. 
5e ~ k e  s.me as the therixal o r  d i r e c t  s ing le t  exc i ta t ion  
process. 
c) ?’ne $oto and thcrnal r sac t ion  prodlicts i n  non-aqueous 
systezs sh0LI.d reseinble rad icz l  t n e  processes. 
a) There Ls e 3  p o s s i b i l i t y  t5at i f  these curves dort’t 
cross i n  the maser shown, the SI state nay evolve in to  the 
esci te i  statz of tne yhocoprodfict. Because of the s t rons  
exa themic i ty  of the thermal reaction,73 i t  can be eas i ly  
shown thzt there is j u s t  enough eaergy for the excited 
sizglet of  A r X l  to evolve in to  the  excited s ing le t  of ArOH 
( in  water),  t h i s  giving rise t o  pronpc fllrorescence from t h i s  
species. I ronical ly ,  in the case of p-amino 3erivGtives of 
ArX?, t3is gives r ise t o  a s i t u a t i o n  where fluorescence would 
occur a t  higher .energy t han  the  input l i g h t  generating the 
photodecomposition. 
&.-z ?korobecor.?osi:ioz by z<chzr :?e sln31zc sr ?r i?lez  
A 
il f o r  the singlec sensi-  
The products of s ing le t  s e n s i t i  Lation .c.rcald 
72 
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c 
4 
i n  
03 
i n  
It illight bc  possiblc t o  dctrcct thc rcact ivc intcrnicdiatcs 
f l a sh  photolysis. F i r s t ,  i n  w a t e r  the  attack of water 
the species SA would be extremely rapid, probably again 
the 10 -I1 region, but the Ti species would be less rapid, 
ir, thz pkosecond region. 
5) 
be s t n c t u r e  dependznt wlth elcctron donatirg groups yielding 
the dee?sst porrentlalwells.  Thus the course or' the photo- 
T'ne depth of the pliinging po ten t l a l  energy surface w i l l  
physical a d  photocherlcal processes nay be strongly subst i tu-  
em cis7ecck-x. 
s t ruc ture  m y  not y ie ld  conclusions applicable t o  othl.;.r 
Any study on 2 par t i cu la r  arenediszonium 
materials having d i f f e ren t  subst i tuents .  
EXPEXlI?EKTiX STUDIES 
ExperiEental s tudies  were reportedd7 on previously on 
the photodecomposition quantun y ie lds  of a series of steri- 
ca l ly  hiadered p-aniRobenzenediazonium cations i n  water. It 
was fourid that i) the quantum yields  are s t ruc tu ra l ly  de- 
pendznt; i i )  wavelength dependent; i i i )  unquenched i n  
aqueous sodium bromide (2M) solut ions;  and iv) no emission 
was detected a t  300 o r  77K. Recent s tudies  have indicated 
two things. 73 F i r s t ,  the composition of the products of 
r a t e r i a l s  decomposed i n  aqueous systems are s l i g h t l y  d i f -  
f s ren t  f o r  the thermal and photochemical deco3positions 
(although these are done a t  d i f f e ren t  temperatures). 
ac id ic  ~ e t h a n o l , ~ ~  the thermal solvolysis react ion products 
In 
water a d  alcoholic mclia. Tne latter nzterial  was chosen 
b e c a s e  of z s h c i z s  data of the tilema1 decorr.poistion in 
netkznol a d  b e c a s e ,  s ince it zbsorbs at a higher energy, 
a Srcacer  var ie ty  of sens i t iz ing  agents c2n be used. Both 
rxzcerials c2n be used wj.-h various laser sources emitting 
i n  ~ h c  320-350 region. A second series o f  esperixents were 
c a r r k d  out  prel ia inary t o  sens i t iza t ion  reactions t o  see i f  
the diazonium salts quenched the fluorescence of rcziterials 
absorbing at  nuzh lower eaergies.  Finally, a series of 
f l a s h  esperi:.ents w e r e  ca r r ied  out to see i f  i) what the 
ra te  of dlssappearame of diazo was; i i )  w h a t  the rate of 
a7pearance of photoproducts is ,  and iii) i f  any ir(teru.ediates 
could be 6etccted spectroscopically.  
I) Cimtun y i e l d  neasuremcnts w e r e  carr ied out using 
2 d i f f e r m t  mec’nods. The f i r s t ,  an adaptation o f  the con- 
tinuous r-onitoring was discussed i n  a previous 
report ,  requiring the monitaring of the monochromatic l i g h t  
transmitted through the  sample as a function of t i m e .  A t  
X, = l i g h t  i c t e n s i t y  t r ansx i t t ed  a t  t i m e  t, 
L 
t = time, 
“ =  ca?ture cross  sect ion.  
Thcs, i f  ?e function log ia ( io / I t  - 1) i s  p lo t t ed  e3ainst  
t i n e ,  a l i n s a r  plo? w i l l  r e s u l t .  
( i n  set'$ is I Q Q, 
i n  z’ne pro?er u n i t s  of cm’/molecule i f  the l i g h t  i n t ens i ty  i s  
i n  :fie u n i t s  o f  photons/cm sec. T h i s  ex t inc t ion  coe f f i c i en t  
The slope of this p l o t  
where J is the  ex t inc t ion  coe f f i c i en t  
3 
O P  
2 
is  e s s e n t i a l l y  the capture cross  sec t ion ,  base 10. Classi-  
c a l l y ,  c s t inc t ion  coe f f i c i en t s  are given i n  u n i t s  of l i t e r /  
mole CK. Thus a nolar  ex t inc t ion  coe f f i c i en t  of 1a,OOO 
liter/nole crn = 10 7 3  cm‘/mole =.1.7 x 10- ‘7 cm2 /no lecu l e .  
This i s  approximately a f i f t h  of  a square angstrom, or the 
order of mapi tude  expected f o r  the capture o f  a photon by 
a ro lecule .  
t u d e  of  a capture cross  sect ion,  G, a quantum yie ld  of 0.5,  
Thus f o r  a molecule having t h i s  order o f  magni- 
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a;rc~t:,t with our value (0.27) as w e l l  as other  authors 
(.2.5S), (a .46) ,76  the latter two at 38G nm. The var ia t ion  I 3  
of valii2s froa l i t e r a t u r e  sources f o r  a number of the same 
aryldiazor,2um salts makes us somewhat dubious as t o  the 
absolute accuracy c o t  only of other work but our own. 
In soxe zespects, :he methoxy-derivative is analogous 
t o  the dialkylamho derivatives.  No emission is detected and 
no sodim bromide quenching of the decomposition. 
che XED derivat ive showed mch more s e n s i t i v i t y  t o  solvent 
changes. 
alcohols. 
decoqos i t ion ;  the same r e s u l t s  have not yet been done in 
S atumqhere. W e  also found that the aqueous yields  were 
nei ther  cmcent ra t ion  or in tens i ty  dependent (Table 9) - 
photoproducts in aerated and nitrogen flushed methanol are 
However, 
Tte qtzentum yields  (Table 8 )  were higher in  
In air, wc detected nothing but a first order 
2 
The 
reported as follows: 77 
Decomposition c.f MED in Methanol 
Products = 
x iii 
A i r  (02 j 92% 
(65%) 
S2 74% 
(733 
26% 
(11%) 
x2rm21 values given in (72). 
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Table 9 
as a hructioa of Io for DEAD QP 
lo (photons cng2 sec”) 
0.46 
0 -49 
0.67 
0.50 
The values indicate  that the prochct forming stages involve 
some sort of  rad ica l  intermediates in the -isms for the 
formation which is k i l l e d  off under oxygeo. ’* In a l l  studies,  
we have encountered no breakdown of the reciproci ty  ’law, 
that i s ,  no dark react ion taking place a f t e r  -sure and that 
exposure could be interrupted and s t a r t ed  up again wit-bout 
encountering decomposition of the material in m y  way other  
than a first order  process. 
this carefu l ly  in alcobol?c solvents in the strict absence of 
However, we have not yet done 
air. In addition, the photolysis under air free conditions 
a t  various concentrations and .light i n t e n s i t i e s  should tell 
us somettihg about any possible chain reaction, which has bezn 
proposed to erplain the thennal solvo~ysiu r e s u l t s  in air 
72 free methanol. 
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- LOW temperature quantum yield measurements w e r e  attempted 
on DEAI) so as to determine i f  there was any activation energy 
to the excited state decomposition. 
w e r e  nearly the same at -78C as at 30OC and at -1lbc. In  
P any cask we determined that at the outside l i m i t  the Q 
was not lower than 0.34 at -l lbC, the value be- 0.46 at 
25C. 
ture resul ts  w i t h  standardizing the light intensity within the 
low temperature d m r  system we were using. 
been redesigned for  futiire use. 
Monitoring decay curves 
Some d i f f icu l ty  was encountered with the low tanpara- 
The system has 
In particular we had d i f f icu l ty  with the systems when the 
solvent enters the glassy stage, but tm have some mn-quanti- 
tative resul ts  whhh indicated that the rate of decanposition 
in frozen ethanol is greatly diminished at  -196C. 
author has studied this previously and found zy) low tempera- 
ture  change in plas t ic  film media, indicating no activation 
energy to  the 
Only one 
Qp- 
Quenching Expe riments Using NED which has an abaorp- 
t ion maxima at 313 am, but l i t t l e  absorption at 362 and vir-  
tually none at a l l  at 400 ran, it m l d  be generally predicted 
that this material could not quench the fluorescence of another 
material which absorbs at  leer energy unless it did so by 
photooxidizing the materul o r  reacting w i t h  its exdted state 
t o  give a photoproduct. 
the f i r s t ,  rhodasine B, a cationic dye abrorbiag in the 5% l l ~ ~  
Tu0 classic mterhb were chosen, 
region and quinine sulfate (in acid) ala0 a cationic m8teri.l 
-59- 
whose absorption characteristics overlap MED but at s l i g h t l y  
lower energies. 
the emission of these materials in separate experiments con- 
taining various amounts of MEI), and to plot the resu l t s  in  a 
typical Stern-Volmer mgcLner so as t o  obtain the quenching 
constant. Since the fluorescene lifetimes of these two 
materials are experimentally it should be then 
possible to  see w h a t  the actual bimolecular quenching con- 
s tant  is, if quenching occurs at all.  In fact, two typical 
quenching plots are shuun in Figures 9 and 10. 
With quinine sulfate,  expose3 at 400 nm (the red edge 
of its absorption band), a quenching slope of 32 0'' was 
obtqined. 
= Tf x kg, where k 
the reaction. 
The technique fsas t o  plot  the quenching of 
In classical Stern-Volmer analysis t h i s  slope is 
is the second o d e r  rate coastant for  q 
MED + Qs* * 112 
q U s i n g  a Tf for quinine sulfate  of l.8 nsec this yields a k 
value of 1.8 x 10 9 cm" sec. This ie fa&ly.close to  the 
9 I -1 ao diffusion controlled value in water of 4.0 x 10 mole -sec . 
With rhodamine B a limiting slope of 14.3 m o l  was obtained 
with a calculated b 
nsec. 
super l inear t ty  t o  the.quenchiq, the quenching becoming 
more eff ic ient  as the diazo concet,tration was larger. 
of 2.4 x log, using a lifetime of 6 
q 
As shown in Figure 9, the rhodamine B results show a 
Such 
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a super l inear i ty  sometimes indicates a ground state complex 
according to  the model 
Q 
so that 
Io (1 + KQ) (1 + (Tf"q'V> T- 
o r  
-&ere b, I are the fluorescence intensit ies,  K the complex 
formatton constant (AQ/(A)(Q)), and k and Tf have been 
previously defined. 
versus Q should give a straight line. This was found i n  the 
case of rtodamine B. Further investigation indicated that the 
counterion of the d h n i u n  aal t ,  Wil , reacted in some'un- 
known fashion with rhodamine B t o  reppove some of it from 
q 
Thus a plot of the quantity (Io/I - I)/Q 
solution, this giving an artifirial d e c m s e  4a fluori:scence 
intensity (due to  the fact that there was less active rho- 
damine B present). Thus, under t h b  s i tuat ion it was not Lzle 
diazonium salt whkh reacted with rhodamine B to  form a"complex" 
but the BFi' ion. In both cases, rn rapid reaction of ground 
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state diazonium salt  and the fiuurescent agent was noted. 
In  the case of rhodamine B, however, 2 other different 
reactions were noted. 
of the diazonium salt and rhodamine B decomposed over the 
course of a week or so with the removal of the latter material. 
Since the concentrations worked at  were roughly 0.1 molar 
diazo and 10' rhodamine B, we were not able to  detect a 
decrease in  the concentration of the diazo. A rapid removal 
of the rhodamine B was noted when the solutions were  exposed 
t o  high l igh t  intensi t ies  photons cm'* sec"). Rho- 
damine B was found to be s table  under identical  conditions, 
dark or light, in the absence of the diazonium salt. 
as a "sensitizer,"rbodamine B is out since it is not s table  
and w i l l  not "turn over" large quantit ies of diazo. Again, 
F i r s t ,  a slm - dark reaction; solutions 
Thus 
since the concentration range d.ifference between the diazo 
and the sensi t izer  were too great, we could not detect disap- 
pearance of the diazo when the rhodamine B was e i ther  quenched 
or decomposed. 
which w i l l  be s table  under the ccmditiom of the reaction. 
Quinine su l fa te  looks l i k e  a promising candidate. 
We are presently searching for a sensitizer 
What has been shown is that there is quenching, that 
somehow the diazonium is eithe-, stealing energy or causing 
intarnal conversioi to  take place. 
our potential surface hypothesis would have been itmedhitely 
proven wrong. 
Sf quenching had not occurred 
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3) Flash Photolysis In pr inciple  f l a sh  photolysis would 
a l low us to generate large amounts of intermediate mater ia l  i n  
a short period of time. 
f lash.  However, t o  da te  the only u n i t  avai lable  w a s  one which 
yields  upto 1000 joules  w i t h  a complete t a i l i n g  out (no flash) 
i n  about 1000 wec (or  1 msec). Thus we could only examine 
species l iv ing  longer than loo3 sec. 
intermediates could l i v e  t h i s  long. 
f lashes  in the order of 300 joules  were enough t o  decompose a 
solut ion having an o p t i c a l  density of 10 in a 10 cm cell. 
Using a X e  arc lamp plus an input mnochrunator plus an output 
double monachromator we could span the o p t i c a l  detect ion range 
from about 230 nm to  600 un. 
The bes t  f l a sh  would be the shor tes t  
Only the  most s t ab le  
W e  generally found tha t  
Using D M  which absorbs at 
380 nm ?.xi mcnitoring tha t  wavelength by l i g h t  t ravel ing 
thmqd tne solut ioa,  we found that the  diazonium salt disap- 
peared s i tk j r ,  the time of the flash.  
n i f i c m t  recovery of diazonium o p t i c a l  density Ln solut ions 
Nor was there  any s i g -  ----
flashed in such a -say t o  reduce the o p t i c a l  density from about 
10 t o  about 3.5 (from op t i ca l ly  "black" t o  transmitting some 
l i gh t ) .  Thus the diazo is a l l  reacting within the t i m e  span 
of the f l a sh  and a l l  material not reacting, although some or 
a l l  of i t  must have beea excitea, is ge t t i ng  back t o  the dia- 
-
zonium configuration within l m8ec. 
l y  exposed samples had the same absorption spectra. 
Flash samples and &low- 
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Thus it would appear tha t  diazonium material does not 
give a metastable species with a longer l i fe t ime than 1 msec. 
We a re  a l so  able  t o  monitor the formation of the photo- 
product a t  223 nm. This is a d i f f i c u l t  region to  work in  and 
a double monochromator was necessary t o  "clean" up the l i gh t  
coming through the system. 
wavelength was found to  have about 50% scat tered l i gh t .  
any case the spectra a t  this posi t ion is to  the diethyl-  
aminophenol ( 6  = 7,000). 
a higher wavelength (between 260-300) the ext inct ion cocf- 
f i c i e n t  is weak and not enough o p t i c a l  density changes t o  
make detect ion prac t ica l .  
was detected in this latter region, whereas a s ign i f i can t  in- 
crease in o p t k a l  density was detected i n  the 223 rm region. 
A single monochromator a t  the same 
In  
Although such a phenol absorbs a t  
Vir tual ly  no o p t i c a l  density change 
In any case we found tha t  the formation of the phenol in 
this region - a l s o  occurred in the  time span of the f lash.  
Finally,  we monitored the transmission over the range 
between 400 and 600 nm and found no t r ans i en t s  w i t h  l i f e t i a m  
longer than the flash.  
Clearly the f l a sh  length is too long. Preferably a 
f l a sh  i n  the nsec region would be better, and in the pico- 
second region best. 
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Present Conclusion of the  Diazonium Work The i n i t i a l  
quantum yie ld  work has been done a t  365 and 313 m. 
we have good actinometers for these two wavelengths. Future 
work should ble done i n  i) f l a sh  photolysis, detect ion of 
intermediates i n  nitrogen flushed alcoholic solut ions,  where 
they are known to exist chemically, ii) l o w  temperature 
photolysis, iii) product analysis  in alcoholic solut ions,  and 
iv) sens i t iza t ion ,  both w i t h  singlet and t r i p l e t  s ens i t i ze r s ,  
plus quantum yie lds  of decomposition and product analysis  
i n  alcoholic solutions.  
Now 
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